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a b s t r a c t 
Anti-jerk controllers, commonly implemented in production vehicles, reduce the longitudinal acceleration 
oscillations transmitted to the passengers, which are caused by the torsional dynamics of the drivetrain 
during torque transients. Hence, these controllers enhance comfort, drivability, and drivetrain compo- 
nent durability. Although anti-jerk controllers are commonly implemented in conventional production 
internal-combustion-engine-driven vehicles, the topic of anti-jerk control has recently been the subject 
of increased academic and industrial interest, because of the trend towards powertrain electrification, and 
the distinctive features of electric powertrains, such as the high torque generation bandwidth and absence 
of clutch dampers. This paper reviews the state-of-the-art of automotive anti-jerk control, with particular 
attention to control structures that are practically implementable on real vehicles. The survey starts with 
an overview of the causes of the longitudinal vehicle acceleration oscillations that follow abrupt changes 
in the powertrain torque delivery. The main body of the text reviews examples of anti-jerk controllers, 
and categorizes them according to the adopted error variable. The ancillary functions of typical anti-jerk 
controllers, e.g., their activation and deactivation conditions, are explained. The paper concludes with the 
most recent development trends, and ideas for future work, including possible applications of model pre- 
dictive control as well as integration of anti-jerk controllers with autonomous driving systems and other 
vehicle control functions. 
© 2020 The Author(s). Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license. 
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E  1. Introduction 
In automotive engineering, jerk is defined as the time derivative
of the longitudinal vehicle acceleration ( Genta & Morello, 2009 ).
Hence, the main purpose of anti-jerk control is to alleviate the oc-
cupants’ discomfort caused by the longitudinal vehicle acceleration
oscillations, also called shuffles ( De La Salle et al., 2004 ). Morioka
& Griffin (2008) analyze the human perception of such vibrations,
and point out that the organs in the human torso are particularly
receptive of accelerations in the 4–8 Hz frequency range, which is
targeted by anti-jerk controllers. 
During vehicle operation, undesirable longitudinal acceleration
oscillations are typically excited by: i) tip-in and tip-out maneu-
vers, with abrupt positive or negative powertrain torque variations,
respectively from an initial condition of low and high load; ii)
gearshifts, which imply wheel torque oscillations caused by the
clutch and powertrain actuation; iii) mode transitions in hybrid
electric vehicles ( Koprubasi et al., 2007 ), which have similar ef-
fect to ii); iv) road bumps, which cause vertical and longitudinal
suspension excitations ( Fukudome, 2016 ); v) anti-lock braking sys-
tem (ABS) interventions ( Rosenberger et al., 2012 ; Y. Zhao et al.,
2006 ); and vi) regenerative braking or brake blending maneuvers
( Lv, Zhang, Li, & Yuan, 2015a , 2015b ). i)-iii) tend to generate signif-
icant drivetrain torque oscillations, which cause vehicle jerk. Anti-
jerk controllers alleviate the consequences of i) through the reg-
ulation of the powertrain torque, i.e., they reduce the drivetrain
oscillations in conditions of engaged gear, and are normally de-
activated during ii) and iii). The decrease of the drivetrain torque
oscillations has a beneficial collateral effect in terms of drivetrain
fatigue and wear reduction ( Götting & Kretschmer, 2013 ). 
Although there is a multitude of publications on anti-jerk con-
trollers for different drivetrain architectures, with a recent inter-
est towards fully electric powertrains, the literature misses a thor-
ough review of anti-jerk control approaches, and a systematic cat-
egorization of the available control structures. This paper aims to
cover the gap, through a survey according to the following criteria:
• Only journal papers, conference papers and patents are consid-
ered. 
• Emphasis is given to the experimentally validated anti-jerk con-
trollers, or, at least, the controllers developed to be easily im-
plementable on real vehicles. 
• The publications based on controlled engine mountings are not
considered. 
• Only papers dealing with anti-jerk controllers for automotive
drivetrains are analyzed. 
• Only publications in English language are considered. σ
Please cite this article as: A. Scamarcio, P. Gruber and S. De Pinto et
Annual Reviews in Control, https://doi.org/10.1016/j.arcontrol.2020.04.0. Drivetrain dynamics and anti-jerk control 
.1. General principles 
The design of effective anti-jerk controllers must be based on
he deep understanding and appropriate modeling of the drive-
rain dynamics. A vehicle drivetrain can be represented as a se-
ies of mass moments of inertia linked by torsionally compliant
lements, excited by single or multiple propulsion units, i.e., the
nternal combustion engine (ICE) and/or electric motor (EM), each
f them with specific transient characteristics. Hence, the system
odel consists of a set of torque balance equations, including con-
ideration of the gear ratios, which have an impact on the equiva-
ent system inertia. 
In automotive powertrains, the most significant mass moments
f inertias are associated with the ICE, EM and wheels. The
alf-shafts are the main responsible for the drivetrain compli-
nce ( Bottiglione et al., 2012 ; Fredriksson et al., 2002 ), followed,
ithout any particular order, by the propeller shaft ( Fredriksson
t al., 2002 ), powertrain mounting system ( Castellazzi et al.,
017 ; Galvagno et al., 2013 ; Lefebvre et al., 2003 ), clutch damper
 Caruntu, 2015 ; Caruntu et al., 2016 ; Genta & Morello, 2009 ;
alter et al., 2008 ), and dual-mass flywheel ( Castellazzi et al.,
017 ; Walter et al., 2008 ), where applicable depending on the driv-
train layout. Also the mechanical play of the drivetrain, i.e., the
acklash (usually ∼0.01–0.06 rad wide at the wheel, see Angeringer
t al., 2012 ; Hodgson et al., 2013 ; Lagerberg & Egardt, 2007 ), has
n important effect on the system response ( Baumann et al., 2006 ;
erriri et al., 2008 ; Best, 1998 ; Böcker et al., 2004 ; Bruce et al.,
005 ). In fact, when the transmitted torque changes direction, the
ontact between the gears or other coupling elements is lost. Af-
erwards, when the gap between the teeth or coupling elements
s filled again, the gears and/or other relevant components are en-
aged with a shock, which can cause an abrupt change in the de-
ivered wheel torque. 
The drivetrain components are usually characterized by limited
amping. The tire provides a significant damping contribution. The
ongitudinal tire force, F x , can be expressed as a function of the
lip ratio, σ , according to the following linearized formulation ( De
into et al., 2017 ): 
 x = F x ( σ ) ≈ F x 0 + ∂ F x /∂σ | σ= σ0 [ σ − σ0 ] = F x 0 + C s 0 [ σ − σ0 ] (1)
here σ is defined as σ = [ ˙ θw − ˙ θv ] / ˙ θw , which is a non-linear
unction of wheel speed, ˙ θw , and the equivalent angular speed of
he vehicle body, ˙ θv , i.e., the ratio between the linear vehicle speed
nd the rolling radius of the tire; C s is the longitudinal slip stiffness
f the tire; and the subscript ‘0 ′ indicates the linearization point. In
q. (1) and in the remainder, the notation ‘ () ’ indicates a function.
can be linearized as:  al., Anti-jerk controllers for automotive applications: A review, 
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h≈ σ0 + 1 / ˙ θw 0 
[
˙ θw ˙ θv 0 / ˙ θw 0 − ˙ θv 
]
(2) 
hich brings: 
 x ≈ F x 0 + C s 0 / ˙ θw 0 
[
˙ θw ˙ θv 0 / ˙ θw 0 − ˙ θv 
]
= F x 0 + C s 0 / ˙ θw 0 
{
˙ θw [ 1 − σ0 ] − ˙ θv 
}
(3) 
Based on Eq. (3) , for small slip ratios the tire behavior is similar
o that of a damper located between the wheel and vehicle body,
ith damping coefficient C s / ˙ θw 0 . This means that, for a given σ0 ,
he level of damping decreases with increasing speed, which im-
lies a variation of the level of coupling between the drivetrain and
ehicle body vibrations. In addition to the steady-state tire behav-
or, many studies also consider the relaxation effect, i.e., in tran-
ient conditions the longitudinal tire force relationship with the
lip ratio is modeled through first order dynamics parametrized
y the so-called relaxation length ( Genta & Morello, 2009 ; Orus
t al., 2014 ; Rodriguez et al., 2013 ), which is a function of the ver-
ical load and slip ratio ( Giangiulio & Arosio, 2006 ). For a given
elaxation length, the time constant describing the transient tire
esponse is a decreasing function of speed. Eq. (3) and the relax-
tion effect bring the important conclusion that the anti-jerk con-
rol gains should be scheduled with speed. 
In conventional automatic transmissions ( Y. S. Kim et al., 2011 ),
nother damping element of the torsional drivetrain oscillations
s represented by the torque converter, which, however, is often
ocked to reduce its power loss. However, in many recent auto-
atic transmission systems, e.g., based on dual clutch technology,
he torque converter is absent to increase energy efficiency ( Genta
 Morello, 2009 ). In these applications, in case of adoption of wet
lutches, clutch micro-slip ( Naus et al., 2010 ) can be allowed and
ontrolled to damp the drivetrain oscillations. 
Because of its mechanical complexity, a drivetrain has multiple
ibration modes. The anti-jerk control action focuses on the first
orsional mode ( Fredriksson et al., 2002 ). Given the influence of
he gear ratio on the equivalent inertia of the drivetrain, the first
atural frequency of a drivetrain varies with the selected gear ra-
io, i.e., in case of multiple-speed transmissions its lowest value
s in the first gear and its maximum value is in the highest gear,
hich suggests gain scheduling of the anti-jerk controller with the
elected gear. According to Bruce et al. (2005) , Fredriksson et al.
2002) , Genta & Morello (2009) , Koprubasi et al. (2007) and Walter
t al. (2008) , the first natural frequency of an ICE drivetrain typi-
ally ranges from 1 to 15 Hz. 
.2. Influence of powertrain configuration 
The powertrain configuration has major implications on the
nti-jerk control implementation and performance. For example,
CE powertrains are characterized by significant delays (typically
etween 20 and 200 ms, depending on the engine speed, accord-
ng to Lefebvre et al. (2003) ), and relatively slow torque genera-
ion dynamics ( Ingram et al., 2003 ). These features tend to gen-
rate reduced drivetrain oscillations, and at the same time to de-
rease the effectiveness of the anti-jerk controller, although this is
ommonly present in production ICE-driven vehicles. A further ele-
ent of complexity is represented by the clutch damper, which at-
enuates the ICE speed fluctuations whilst introducing system non-
inearity and torsional compliance ( Shaver, 1997 ). 
Electric powertrains with on-board EMs are usually easier to
ontrol than ICE powertrains, because of the higher EM bandwidth
nd more precise torque generation capability ( Fukudome, 2016 ;
alker & Zhang, 2014 ). However, the potentially fast EM torque
ariations can excite significant torsional drivetrain oscillations.
oreover, electric drivetrains are characterized by lower damp-
ng than ICE drivetrains, because of the absence of the clutch orPlease cite this article as: A. Scamarcio, P. Gruber and S. De Pinto et
Annual Reviews in Control, https://doi.org/10.1016/j.arcontrol.2020.04.0ual-mass flywheel with the respective dampers. In parallel hy-
rid electric vehicles (HEVs) including an ICE and at least one EM
onnected to the same drivetrain, the fast EM dynamics can be
xploited to reduce the torsional oscillations affecting drivability
 Cauet et al., 2013 ; Syed et al., 2009 ; Vadamalu & Beidl, 2016 ). 
A special case is represented by in-wheel electric powertrains.
or these configurations, most of the sources from the literature
gree that the powertrain-generated longitudinal acceleration os-
illations are provoked by the EM torque ripple, rather than the
nderdamped torsional drivetrain dynamics. Chen et al. (2016) pre-
ict the resonance speed of in-wheel powertrains from: i) the
M frequency response characteristics; ii) the fundamental EM fre-
uency; and iii) a linearized relaxation length based transient tire
odel. Mao et al. (2017) discuss the frequency and magnitude of
he torque ripple of an in-wheel permanent magnet synchronous
achine. The torque ripple model is coupled with a quarter car
odel including a rigid ring tire model, a brush model of the lon-
itudinal tire force with relaxation, and a model of the suspen-
ion system bushings. The study observes a horizontal vibration
ode of the vehicle body at ∼4 Hz, and rotational and horizon-
al translational modes of the tire and rim/motor at ∼50 Hz and
100 Hz. These vibrations have an impact on the noise, vibration
nd harshness (NVH) characteristics of in-wheel EM-driven vehi-
les. To the best of the authors’ knowledge, the only study stating
hat in-wheel drivetrains are prone to torsional vibrations is Song
t al.(2015) , which mentions the torsional tire deformations and
ery high EM torque gradients as the causes of this behavior. The
pecific study reduces the oscillations with a fuzzy-logic controller,
ased on the vibrating component of the longitudinal vehicle ac-
eleration and its time derivative. The output is the corrective anti-
erk torque for the in-wheel EM. The simulation results show good
amping of the longitudinal acceleration oscillations. 
In general, during tip-ins and tip-outs, in-wheel powertrains
ave significantly better rotational dynamics than on-board power-
rains. In fact, in Fukudome (2016) , Toyota mentions that in-wheel
owertrains ‘are not affected by conventional drive resonance is-
ues caused by driveshaft stiffness,’ and proposes a wheel torque
ontroller to compensate for the longitudinal forces caused by road
umps. In the opinion of the authors of this survey, the NVH as-
ects of in-wheel powertrains operating on flat road surfaces can
e improved through the tuning of the inverter to reduce the EM
orque ripple, and an optimized mechanical design of the wheel
nd suspension assembly, rather than through a typical anti-jerk
ontroller. As a consequence, the remainder of this survey will not
eal with in-wheel configurations. 
. Anti-jerk control systems: objectives and categorization 
.1. Anti-jerk control objectives and specifications 
The literature describes several performance indicators and
ommercially available tools, e.g., AVL-DRIVE, to assess vehicle
rivability and anti-jerk control performance, either through simu-
ations or experiments ( List & Schöggl, 1998 ; Schöggl et al., 2002 ).
ist & Schöggl (1998) highlight that in the past the common prac-
ice relied on the subjective feedback of professional test drivers.
evertheless, an insight on the level of passengers’ discomfort
an be retrieved from objective performance indicators, e.g., the
oot mean square (RMS) value of the frequency-weighted longi-
udinal vehicle acceleration, and the vibration dose value (VDV)
 Griffin, 2007 ). A number of studies, e.g., Berriri et al. (2008) , eval-
ate drivability from the visual analysis of the longitudinal acceler-
tion profiles during tip-in and tip-out tests. Andre et al. (2017) re-
ort performance indicators, i.e., the rise time, the first overshoot,
nd the deviation from the mean value, derived from the estimated
alf-shaft torque profile during tip-ins and tip-outs.  al., Anti-jerk controllers for automotive applications: A review, 
13 
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Fig. 1. Desirable longitudinal vehicle acceleration response during tip-in and tip- 
out maneuvers. Reproduced with permission from Grotjahn et al. (2006) . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Typical anti-jerk control configuration and input variables. 
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o  
t  
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d  The definition of the most desirable response during tip-ins and
tip-outs is not consistent among the authors. Fig. 1 reports the
ideal longitudinal vehicle acceleration profile according to Grotjahn
et al. (2006) , for a tip-in followed by a tip-out. The target response
is characterized by a lightly damped first peak, which keeps a
sports-oriented vehicle behavior, whilst the subsequent oscillations
are absent. Both Berriri et al. (2008) and Grotjahn et al. (2006) sug-
gest significantly reducing the first peak only if a very high comfort
level is specifically required. Millo et al. (2003) also recommend to
keep the first peak, as it is related to the driver’s perception of per-
formance, and is not necessarily associated with a negative comfort
feeling. On the other hand, Ivanov et al. (2015) and Kawamura et
al. (2011) , where the latter presents the anti-jerk controller of the
first series production Nissan Leaf, target a complete removal of
the first acceleration peak during tip-ins on electric vehicles. 
In addition to providing comfortable drivability without signifi-
cant shuffles, anti-jerk controllers must be designed: 
• To decrease the average longitudinal vehicle acceleration as lit-
tle as possible. In particular: i) anti-jerk controllers should be
able to demand both positive and negative torque corrections
with respect to the torque demand input ( Morris, 2012 ); and ii)
the average torque demand should not be altered by the anti-
jerk control action. 
• To preserve vehicle responsiveness to the torque demand input.
For example, the anti-jerk control action should not increase
the pure time delay and rise time in the longitudinal acceler-
ation profiles during tip-in maneuvers. This requirement is par-
ticularly relevant for sports-oriented passenger cars. 
• To account for the system constraints, such as the minimum
and maximum torque levels, torque rates and pure time delays
of the specific powertrain set-up. 
• To have appropriate activation and deactivation conditions, e.g.,
for effective operation of the gearshift controller, ABS and trac-
tion controller, without inappropriate interferences. 
• To provide consistent performance for the whole range of op-
erating conditions, e.g., in terms of selected gear, vehicle speed
and torque demand. This has implications in terms of robust-
ness to external disturbances, and gain scheduling require-
ments. 
• To be robust with respect to the typical sampling times and
time-varying delays on the inputs and outputs going through
the on-board network communication system of the vehicle
( Zhao et al., 2014 ; Zhu et al., 2015 ). 
• To be robust with respect to variations of typical parame-
ters, such as drivetrain backlash, which can significantly vary
throughout the vehicle lifetime ( Berriri et al., 2008 ). 
• To require minimum computational power and flash memory
for the on-board implementation of the control hardware. t  
Please cite this article as: A. Scamarcio, P. Gruber and S. De Pinto et
Annual Reviews in Control, https://doi.org/10.1016/j.arcontrol.2020.04.0The first and second requirements in the list are usually in
onflict with the main anti-jerk control objective, i.e., the oscilla-
ion reduction. Therefore, a key aspect of anti-jerk control devel-
pment is the trade-off between comfort, longitudinal acceleration
erformance, and responsiveness ( Lv, Zhang, Nuzzo et al., 2015 ;
ebersinke et al., 2008 ; Xiaohui et al., 2011 ). 
.2. Anti-jerk control categorization 
An anti-jerk controller can consist of feedforward and feedback
ontributions, which are combined to obtain the anti-jerk power-
rain torque correction. The feedforward contribution, which will
e discussed in Section 4 , is usually based on a filter (or a torque
radient limitation) applied to the powertrain torque demand. 
In addition to reducing the oscillations in nominal conditions,
he feedback contribution compensates for the effect of distur-
ances and parametric uncertainty. Although anti-jerk controllers
educe occupants’ discomfort caused by the torsional drivetrain
ynamics, in the on-line implementation of the feedback loop,
he potential discomfort level is usually evaluated from variables
irectly related to the drivetrain dynamics, such as the wheel
peed, ˙ θw , and motor speed, ˙ θm , thus reducing the oscillations of
he longitudinal vehicle acceleration, x¨ v , at the origin. These vari-
bles are used to calculate the anti-jerk error variable, X , repre-
entative of the drivetrain oscillations or discomfort level, which
s output by the so-called ‘Discomfort detection’ module in Fig. 2 ,
nd manipulated by the ‘Control action calculation’ module, to de-
ermine the corrected powertrain torque, T plant . 
The choice of X is a key aspect in the system development. In
his study, the feedback anti-jerk contributions are categorized ac-
ording to their control error variable, i.e.: 
• Feedback controllers based on the vibrating component of en-
gine or electric motor speed ( Section 5 ). 
• Feedback controllers based on the drivetrain torsion rate
( Section 6 ). 
• Feedback controllers based on the vibrating component of driv-
etrain torsion or drivetrain torque ( Section 7 ). 
• Feedback controllers based on the longitudinal vehicle acceler-
ation ( Section 8 ). 
• Feedback controllers that cannot be included in any of the pre-
vious categories ( Section 9 ). 
. Feedforward controllers 
Feedforward controllers (see Fig. 3 ) usually prevent drivetrain
scillations by manipulating the reference torque, T re f , imposed by
he human driver through a drivability map (located in the ICE/EM
ontrol unit), or an automated driving system, to obtain an up-
ated reference torque, T F F 
re f 
. A few anti-jerk control implemen-
ations, e.g., those in Millo et al. (2003) and Stewart & Fleming al., Anti-jerk controllers for automotive applications: A review, 
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Fig. 3. Schematic representation of a typical feedforward anti-jerk controller, po- 
tentially coupled with a feedback controller. 
Fig. 4. Time history of the ICE torque demand (in %) without anti-jerk control (di- 
rect control) and with feedforward anti-jerk control (DBW) during a tip-in maneu- 
ver. Reproduced with permission from Millo et al. (2003) . 
Fig. 5. Time history of longitudinal vehicle acceleration without anti-jerk control 
(direct control) and with feedforward anti-jerk control (DBW) during a tip- in ma- 
neuver. Reproduced with permission from Millo et al. (2003) . 
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v  2004) , rely on feedforward control on its own. However, it is more
ommon to implement feedforward contributions in control struc-
ures including a feedback part as well. 
A basic feedforward structure (see Ivanov et al., 2015 ; Millo
t al., 2003 ; Orus et al., 2014 ; Rodriguez et al., 2013 ; Schöggl et al.,
002 ) consists of a low-pass filter on T re f . Examples of response
f an ICE-driven vehicle with/without feedforward anti-jerk con-
rol are reported in Figs. 4 and 5 . The presence of a low-pass filter
nduces a delay in the torque delivery, and thus the acceleration
uild-up is slower, whilst the longitudinal vehicle acceleration os-
illations are well damped. A high value of the low-pass filter time
onstant can avoid the oscillations; however, it also affects respon-
iveness. To provide consistent response throughout the range of
perating conditions, both Schöggl et al. (2002) and Millo et al.
2003) suggest scheduling the low-pass filter time constant with
he selected gear and ICE speed. Please cite this article as: A. Scamarcio, P. Gruber and S. De Pinto et
Annual Reviews in Control, https://doi.org/10.1016/j.arcontrol.2020.04.0Bruce et al. (2005) design a feedforward controller based on an
pproximate inverse plant model, 1 / G plant (s ) , in combination with
 filter, G re f (s ) , which mimics the desired closed-loop dynamics
where s is the Laplace operator): 
 F F ( s ) = G re f ( s ) / G plant ( s ) (4) 
The same method is adopted by Karikomi et al. (2006) , Yamaura
t al. (2014) , and Kawamura et al. (2011) . In particular, Yamaura
t al. (2014) apply the method to an ICE drivetrain, and also
nalyze ICE noise reduction aspects, whilst Kawamura et al.
2011) state that the presented feedforward controller is imple-
ented on the production Nissan Leaf. The feedforward implemen-
ations in Bruce et al. (2005) , Kawamura et al. (2011) and Karikomi
t al. (2006) also include feedback contributions, in the form of
isturbance observers ( Sariyildiz & Ohnishi, 2013 ), which will be
escribed in the following sections. Bruce et al. (2005) propose a
eference governor, which constrains the rate of change of the ref-
rence at each sampling interval, ‘in such a way that the resulting
ontrol signal will stay within bounds.’ 
A feedforward controller according to Eq. (5) is used in Stewart
 Fleming (2004) , which adopts the response surface method for
he design of a two-pole and two-zero feedforward compensator,
 F F (s ) , gain scheduled with vehicle speed and selected gear ratio:
 F F ( s ) = T F F re f ( s ) / T re f ( s ) = 
[
a s 2 + bs + c 
]
/ 
[
a s 2 + ds + c 
]
(5) 
here T re f and T 
F F 
re f 
are the original and modified torque demands;
nd a , b, c and d are the filter coefficients. The gain scheduling is
esigned to achieve a damping ratio of the vehicle acceleration re-
ponse of 0.7 for tip-in maneuvers at different speeds and gears.
n Stewart & Fleming (2004) , the experimentally measured perfor-
ance of the vehicle with the controller in Eq. (5) is compared
ith that of a ramp anti-jerk controller, converting the reference
f the tip-in into a throttle demand ramp at a specified gradient.
he conclusion is that ‘although the ramp controller achieves os-
illation control, the response lag is unacceptable.’ 
Lefebvre et al. (2003) , in collaboration with PSA (Peugeot Cit-
oen), add a feedforward contribution to support an H ∞ feedback
ontroller. The feedforward design is performed to minimize the
ifference, in terms of H ∞ norm, between the closed-loop system
ncluding the feedforward controller, and a reference model with a
arget damping ratio of 0.5 for the response. The mathematical for-
ulation of the problem is derived from the bounded real lemma
nd is reduced to the solution of a linear matrix inequality. The
imulation results are based on an experimentally validated model
f a Peugeot 406. However, the results do not include analyses of
he benefits of: i) including the feedforward contribution with re-
pect to having only the feedback contribution; and ii) using such
n advanced formulation, with respect to more basic control struc-
ures. 
Feedforward control can also help reducing the backlash ef-
ect during the drivetrain torque sign transition phases, as shown
n Y. S. Kim et al. (2011) , dealing with a parallel hybrid elec-
ric powertrain with an EM located between the ICE clutch and
he transmission. The proposed method controls the reference EM
orque according to the parabolic dead-zone function in Fig. 6 .
he dead-zone area limits the backlash-induced oscillations, whilst
he parabolic shape makes the torque increase rapidly after ap-
ropriate time, thus limiting the response delay of a conventional
ead-zone approach. Within a complex structure including feed-
orward and feedback control, the Ford patent by Deng et al.
1999) uses the feedforward contribution to prevent the negative
ffects of transmission backlash on electric vehicle drivability at
ehicle launch from rest. In fact, when the vehicle speed is close
o zero and the brakes are activated, a feedforward controller pro-
ides an EM reference torque that is just sufficient to keep the con- al., Anti-jerk controllers for automotive applications: A review, 
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Fig. 6. The feedforward EM torque profiling concept in Y. S. Kim et al. (2011) . 
Fig. 7. Time history of longitudinal vehicle acceleration and engine torque request 
for the vehicle with a feedforward anti-jerk controller considering (FW w/ backlash) 
and not considering (FW w/o backlash) backlash, and the passive vehicle (torque 
ramp). Reproduced with permission from Pham et al. (2016) . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Generic time histories of torque demand, motor speed, reference motor 
speed and vibrating component of the motor speed during a tip-in maneuver. 
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e  tact between the gear teeth. Pham et al. (2016) and Pham et al.
(2017) , in collaboration with Porsche, propose a nonlinear flatness
based feedforward controller, which: a) calculates reference trajec-
tories for the flat output, i.e., the drivetrain torsion angle, starting
from the torque delivered in the previous time step and the torque
requested by the driver; and b) generates a model based control
law considering backlash through a hyperbolic tangent approxima-
tion. Results of the feedforward contribution on its own are shown
in Fig. 7 . The feedforward contribution works together with a feed-
back controller based on the drivetrain torsion rate and designed
to deal with actuator delays. 
Finally, Nakamura et al. (2004) discuss a drivability controller,
combining multiple functions for an ICE-driven vehicle equipped
with a continuously variable transmission (CVT). This system has
two control inputs, i.e., the ICE torque and CVT ratio. A non-linear
feedforward controller, together with a feedback contribution, de-
fines the control inputs to make the vehicle follow its target accel-
eration, calculated from a drivability map, whilst the ICE operates
at the speed minimizing fuel consumption for the specific power
level. 
5. Feedback controllers based on the vibrating component of 
engine or electric motor speed 
This section deals with feedback anti-jerk controllers that use
the vibrating component of the ICE or EM speed, ˙ θm, v ib , as vari-
able for calculating the corrective powertrain torque, T F B 
re f 
. This
is added to the torque demand, T re f or T 
F F 
re f 
, depending on the
absence or presence of a feedforward contribution. Fig. 8 showsPlease cite this article as: A. Scamarcio, P. Gruber and S. De Pinto et
Annual Reviews in Control, https://doi.org/10.1016/j.arcontrol.2020.04.0ypical time histories of T re f , 
˙ θm (i.e., the measured ICE or EM
peed), ˙ θm,re f (i.e., the reference ICE or EM speed) and ˙ θm, v ib during
 generic tip-in. ˙ θm, v ib can be calculated through: i) model based
ethods; and ii) filter functions and/or half wave rectifiers. 
Production vehicles usually adopt this category of feedback
tructure, since ˙ θm is readily available with high precision and
ampling rate in any powertrain architecture. As in conventional
CE vehicles the anti-jerk controller is traditionally part of the en-
ine control unit (ECU), the adoption of ˙ θm as input is preferred to
ther measured signals, e.g., wheel speed and longitudinal vehicle
cceleration. In fact, the latter variables are normally used and pro-
essed by controllers of different vehicle domains, such as the sta-
ility control system, and are normally available only at relatively
igh discretization to the ECU, through the vehicle CAN (controller
rea network) bus, which introduces time-varying delays. 
Despite the general lack – with rare exceptions, such as Schöggl
t al. (2002) and Hatakeyama et al. (2007) – of published informa-
ion on production vehicle implementations, the experience of the
uthors of this survey, based on collaborative projects with indus-
ry, suggests that the typical production feedback anti-jerk control
ontributions of this category: a) calculate ˙ θm, v ib with any of the
ethods in i)-ii); b) rely on very simple control structures, such
s proportional (P) or proportional integral (PI) formulations; c)
nclude gain scheduling with the selected gear ratio and speed;
) apply the anti-jerk torque correction only when this exceeds
re-defined thresholds, and prevent it from exceeding specified
alues; and e) have carefully defined activation and deactivation
onditions, to provide consistent and robust vehicle operation (see
ection 10.1 ). 
.1. Model based methods 
The typical structure of the model based methods is reported in
ig. 9 . ˙ θm, v ib is given by the difference between the reference ICE
r EM speed, ˙ θm,re f , and the respective measured speed, ˙ θm : 
˙ 
m, v ib = ˙ θm,re f − ˙ θm (6)
˙ θm,re f is computed in the reference generator block in
ig. 9 through a simple drivetrain model, starting from T re f . The re-
ulting ˙ θm,re f must have the average behavior of ˙ θm , without the
rivetrain related oscillations that have to be compensated by the
nti-jerk controller. To this purpose, Y. S. Kim et al. (2011) and Fang
t at. (2014) use rigid drivetrain and vehicle models, equivalent
o single pole transfer functions. In Karikomi (2002) and Karikomi
t al. (2006) , Kawamura et al. (2011) , the model based reference al., Anti-jerk controllers for automotive applications: A review, 
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Fig. 9. Schematic representation of anti-jerk controllers using the vibrating com- 
ponent of ICE or EM speed, calculated with model based methods. The red frame 
highlights the blocks calculating the error variable. 
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Fig. 10. Experimental EM speed profiles during tip-in and tip-out maneuvers for: 
(a) the uncontrolled system; and (b) the system including anti-jerk control. Repro- 
duced with permission from Y. S. Kim et al. (2011) . 
Fig. 11. Schematic representation of an anti-jerk controller using the vibrating com- 
ponent of ICE or EM speed, calculated with a filter function, highlighted by the red 
frame. 
Fig. 12. Schematic representation of an anti-jerk controller using a linear controller 
with a motor speed input. Part of the poles and zeros of the linear controller are 
employed for the calculation of the discomfort index according to the conceptual 
scheme in Fig. 2 . 
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r  enerator uses the same desired vehicle response transfer function
dopted for the design of the feedforward contribution, described
n Section 4. 
This method can be implemented with several variants with re-
pect to the basic algorithm. More advanced controllers include
ransfer functions or rules within blocks A, B and C in Fig. 9 .
or example, to refine the extraction of the vibrating speed com-
onent, it is common to include a high-pass filter in C, see the
atents Hatakeyama et al. (2007) , Kim (2014) , and Parket al. (2011) ,
espectively by Hyundai, Bosch/Toyota and Hyundai/Kia. Alterna-
ively, in block C, Karikomi (2002) , Karikomi et al. (2006) and
awamura et al. (2011) implement a band-pass filter with a center
requency equal to the first resonance frequency of the drivetrain.
he band-pass filter can be placed also in block B, as suggested by
he Ford patent Liang et al. (2016) . In this way, the neighborhood
f the drivetrain resonance frequency is removed from the excita-
ion torque, T plant . Bang (2014) and Y. S. Kim et al. (2011) add a
ead zone in C as, for very small oscillation amplitudes, the torque
orrection is not considered beneficial. On the other hand, if it goes
ver a certain threshold, the corrective torque may have a negative
ffect on drivability; therefore, Bang (2014) also includes a satura-
ion within block C. With respect to block A, the reader can refer
o the feedforward implementations discussed in Section 4. 
An example of the capabilities of the model based anti-jerk
ethods using the vibrating component of motor speed is shown
n Fig. 10 , which is an extract of the experimental results in Y. S.
im et al. (2011) on a production HEV. The test consists of multi-
le tip-in and tip-out maneuvers, with backlash dynamics excited
y the change of sign of the torque request. 
This anti-jerk method can be extended to complex drivetrain ar-
hitectures. For example, the patent Morris (2012) by General Mo-
ors describes an anti-jerk controller for a two-wheel-drive HEV,
ncluding an ICE and two EMs linked through an epicyclical gear
et. An unspecified algorithm uses a set of signals, including the
ctual engine torque and wheel torque request, to calculate the ref-
rence speeds for the different rotating components, i.e., the EMs,
CE and transmission outputs. The errors between the reference
nd respective measured speeds are fed into a proportional reg-
lator to calculate the corrective EM torques. 
.2. Filter function based methods 
Filter functions ( Fig. 11 ) are often used to extract the vibrat-
ng component of ˙ θm , see the patents by Visteon (De La Salle
t al., 2004 ), Ford ( Deng et al., 1999 ), Valeo ( Laupa, 2020 ) & Gen-
ral Motors ( Morris, 1997 ), as well as the studies by Neuberth &
euschel (2017) , and Balfour et al. (20 0 0) . For example, in Deng
t al. (1999) and Laupa (2020) , ˙ θm, v ib is obtained by filtering the
M speed with a band-pass filter, where, for the latter, the fre-Please cite this article as: A. Scamarcio, P. Gruber and S. De Pinto et
Annual Reviews in Control, https://doi.org/10.1016/j.arcontrol.2020.04.0uency band ranges from −15% to + 15% of the first natural fre-
uency of the drivetrain. An extremely simple control structure is
sually adopted, e.g., with a P controller on ˙ θm, v ib . 
The literature includes several examples of linear anti-jerk con-
rollers using ˙ θm (see Fig. 12 ), which can be included in this cate-
ory. In fact, a transfer function with a number of zeros and poles
an be interpreted as a filter and a controller in series, where part
f the poles and zeros are employed to filter the input, i.e., the
otor speed, and the rest of them are used for control purposes.
o et al (1996) , Richard, Chevrel, & Maillard (1999) , and Richard,
hevrel, De Larminat et al. (1999) adopt this control structure, with
 pole placement tuning method. König et al. (2014) compare the
esults of different robust controllers based on ˙ θm , designed with al., Anti-jerk controllers for automotive applications: A review, 
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Fig. 13. Schematic representation of a tachometric controller. The red frame high- 
lights the discomfort detection algorithm. 
Fig. 14. Experimental tip-in tests performed with and without a tachometric con- 
troller (active vibration controller, AVC) from 30 km/h (a) and 60 km/h (b). Repro- 
duced with permission from Ivanov et al. (2015) . 
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t  H ∞ , DK-, DGK- and μK-iteration. Although the resulting controllers
are characterized by good robustness with respect to model inac-
curacies, more evident oscillation reduction results are shown by
Lefebvre et al. (2003) , and Borodani & D’Ambrosio (2002) , both of
them using H ∞ formulations, where the latter was experimentally
implemented on a 16-bit fixed-point microcontroller, and tested on
a vehicle. 
Alternatively, Xu & Farkas (20 0 0) and Farkas & Xu (20 07) ma-
nipulate the motor speed profile with a sequence of half wave
rectifiers, low-pass filters and logical operators. The result is mul-
tiplied by a gain scheduled proportional gain. The method tar-
gets vehicle jerk suppression during tip-in maneuvers from very
low initial vehicle speed. The control structure is very simple and
does not even require a microprocessor, as it can be implemented
through analogue circuitry. 
5.3. Other methods based on speed vibrations 
Naus et al. (2010) , in collaboration with DAF trucks, deal with
a heavy-duty vehicle with an automated manual transmission. In
the clutch slip phases, drivetrain oscillations are caused by the
variation of the clutch friction coefficient and drivetrain misalign-
ment. The vehicle jerk is reduced through the simultaneous cor-
rection of the reference ICE torque and clutch clamping force, with
a multiple-input multiple-output feedback controller based on H ∞ 
technology, using the ICE speed error and driveline speed error as
inputs. However, the study does not explicitly mention the adopted
generation method of the reference ICE and driveline speeds, and
therefore this controller cannot be included in Sections 5.1 or 5.2. 
Syed et al. (2009) tested on a hybrid electric Ford Escape a sys-
tem aimed at: i) delivering the wheel torque request; ii) maintain-
ing the battery state of charge at a desired level; and iii) eliminat-
ing the drivetrain oscillations. In particular, feature iii) is obtained
by modifying the EM torque demand, thus exploiting the EM fast
dynamics to damp the drivetrain oscillations. Rather than from the
vibrating component of the EM speed, in Syed et al. (2009) the
corrective EM anti-jerk torque, T F B 
re f 
, is calculated as the satura-
tion between minimum negative and maximum positive limits of
a torque value directly proportional to the time derivative of the
measured EM speed. An activation logic applies the torque correc-
tion only if the accelerator pedal position and wheel torque de-
mand are over certain thresholds, and if the EM speed is below a
determined level. 
6. Feedback controllers based on the drivetrain torsion rate 
6.1. Controller description 
As vehicle jerk in tip-in and tip-out maneuvers is caused by
the torsional drivetrain dynamics, the drivetrain torsion rate,  ˙ θ ,
evaluated between the motor (ICE or EM) shaft and wheel hub,
is a good anti-jerk error variable and discomfort indicator.  ˙ θ
can be calculated from the measured motor and wheel speeds
( Webersinke et al., 2007 ), ˙ θm and ˙ θw . 
The general scheme for this category of anti-jerk controllers,
called tachometric controllers in Rodriguez et al. (2013) , is repre-
sented in Fig. 13 , in which  ˙ θ is given by: 
 ˙ θ = ˙ θm − ˙ θw · i (7)
where i is the drivetrain gear ratio.  ˙ θ is then fed to the controller,
to obtain the corrective torque, T F B 
re f 
. 
Ivanov et al. (2015) , Orus et al. (2014) and Rodriguez et al.
(2013) adopt a simple P controller, i.e., the corrective torque is
proportional to the speed difference between wheels and mo-
tor, which means that the system can be considered a virtual
damper located between these two components ( Orus et al., 2014 ).Please cite this article as: A. Scamarcio, P. Gruber and S. De Pinto et
Annual Reviews in Control, https://doi.org/10.1016/j.arcontrol.2020.04.0he controller is usually gain scheduled with vehicle speed to
ope with nonlinearities. Orus et al. (2014) and Rodriguez et al.
2013) provide different gain scheduling laws; in both cases, high
roportional gains are selected at low vehicle speed. The imple-
entations in Orus et al. (2014) , Rodriguez et al. (2013) and Ivanov
t al. (2015) also include a feedforward low-pass filter in the posi-
ion of block A in Fig. 13 . Fig. 14 shows results from Ivanov et al.
2015) for experimental tip-in maneuvers on an electric vehicle
ith four on-board motors. A significant reduction of the wheel
orque overshoot is achieved, which has been measured through a
ensorized wheel hub. For the same tests, the anti-jerk controller
ecreases the vehicle acceleration overshoot from 2.7 m/s 2 (with-
ut controller) to 0.2 m/s 2 (with controller). 
Webersinke et al. (2007) developed a tachometric system with
 proportional derivative (PD) controller. Together with the gain
cheduling with respect to the selected gear ratio, the imple-
entation includes a nonlinear pre-processing of the error vari-
ble, which works together with the activation algorithm. The pre-
rocessed error variable,  ˙ θ ′ , is given by: 
˙ θ ′ = sign 
(
 ˙ θ
)(∣∣ ˙ θ ∣∣ −  ˙ θact ) (8)
here  ˙ θact is the anti-jerk controller activation threshold, which
s calculated on-line, according to the actual value of  ˙ θ ,
.e.,  ˙ θact increases with  ˙ θ . 
The robustness of H ∞ control is exploited by Baumann et al.
2005) and Yamazaki & Kamata (1997) , which directly feed the
ontroller with the drivetrain torsion rate. The latter applies the
ontroller to an ICE drivetrain, where the tachometric H ∞ contri-
ution modifies the ignition timing, while a longitudinal vehicle
cceleration based feedback contribution modifies the accelerator
edal position imposed by the driver, and a filter is implemented
o smoothen the throttle valve actuation. 
Kiencke & Nielsen (2012) , Baumann et al. (2005) , Baumann et
l. (2008) (the latter being a patent by Siemens), and Torkzadeh
t al. (2003) consider the non-negligible delay between the ICE
orque request, T plant , and the actual generation of the engine
orque, T eng . In fact, T plant and  ˙ θ are used to predict a future value al., Anti-jerk controllers for automotive applications: A review, 
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Jf the drivetrain torsion rate,  ˙ θpred , through a drivetrain model.
˙ θpred is then fed to a linear controller that compensates the driv-
line oscillations before their occurrence. 
Optimal control is particularly suitable to achieve a compromise
etween the contrasting objectives of vehicle comfort and respon-
iveness ( Sharp and Peng, 2011 ; Webersinke et al., 2008 ; Xiaohui
t al., 2011 ). For example, Xiaohui et al. (2011) design a model pre-
ictive controller (MPC) based on two optimization objectives: i) to
inimize the drivetrain torsion rate; and ii) to minimize the differ-
nce between the engine torque and torque demand. The first ob-
ective enhances passengers’ comfort, whilst the second one is re-
ated to the acceleration performance. Caruntu (2015) and Caruntu
t al. (2016) propose an MPC to drive the vehicle from its actual
peed to a reference speed, while damping the drivetrain oscilla-
ions detected through  ˙ θ . Webersinke et al. (2008) adopt two
inear quadratic (LQ) controllers: i) a “comfort controller”, i.e., a
achometric controller minimizing the drivetrain torsion rate; and
i) a “dynamic controller”, minimizing the difference between the
ctual wheel speed and a reference wheel speed, calculated from
he driver torque request. The controllers generate two indepen-
ent control inputs, which are combined in a weighted sum of the
wo, where the weights are selected online through a fuzzy logic
lgorithm. 
The Bosch patent by Klymenko et al. (2018) and the publica-
ions by Götting & De Doncker (2004) and Götting & Kretschmer
2013) propose a peculiar tachometric system, where  ˙ θ is esti-
ated with an observer that only requires the motor speed and
orque request as inputs, and does not need the ˙ θw measurement.
ötting & De Doncker (2004) explain that the estimator error, i.e.,
he difference between the measured and estimated motor speeds,
s used to detect wheel slip, which is then employed by the vehi-
le stability controller described in the same paper. As stated in
ötting & Kretschmer (2013) , this anti-jerk control method “has
ound its way in several current and future hybrid and electric ve-
icle series projects (e.g., the Peugeot 3008 HYbrid4)”. A similar
pproach is proposed in Chen (1997) , which estimates  ˙ θ from
he measured transmission speed and transmitted clutch torque,
hrough a linear model.  ˙ θ is then fed to a lead compensator that
enerates the corrective torque. 
Zhu et al. (2015) focus on the potential instability caused by the
ime-varying delays of the CAN bus network. The controller uses a
igher-level system to define the reference vehicle speed. The anti-
erk formulation is based on an energy-to-peak controller that is
esigned: i) to minimize the drivetrain torsion rate, and therefore
he undesired drivetrain oscillations; ii) to track the reference ve-
icle speed; and iii) to guarantee stability against external distur-
ances, modeling errors and signal delays. 
.2. Wheel speed measurement related aspects 
Most of the tachometric controllers use the ˙ θw measurement
n top of the conventional anti-jerk input variable, represented by
˙ 
m . Although ˙ θm and ˙ θw are both available in modern production
ehicles, ˙ θw is usually provided on the vehicle CAN bus by the ve-
icle stability control unit, with a lower frequency and higher de-
ay with respect to ˙ θm , directly available (i.e., hard-wired) to the
CU or inverter controller. Anti-jerk controllers using wheel speed
nformation can provide enhanced performance with respect to
hose based only on motor speed; however, a significant practi-
al issue in very low speed conditions is caused by the absence
f the wheel speed sensor output, which typically becomes avail-
ble above a speed threshold. According to the experience of the
uthors, this can compromise the performance of tachometric con-
rollers in launch maneuvers. In order to deal with the limitations
mposed by the wheel speed sensor, appropriate anti-jerk algo-Please cite this article as: A. Scamarcio, P. Gruber and S. De Pinto et
Annual Reviews in Control, https://doi.org/10.1016/j.arcontrol.2020.04.0ithms could be implemented, e.g., using only the motor speed in-
ormation at vehicle launch, and then including the wheel speed
nput as well. 
. Feedback controllers based on the vibrating component of 
rivetrain torsion angle or torque 
This section discusses the anti-jerk controllers based on the vi-
rating component of the drivetrain torsion angle and/or drivetrain
orque. These two variables are strictly related; in fact, in the liter-
ture it is common to model both the ICE and on-board EM driv-
trains with a torsional spring connecting two equivalent inertias,
uch that the drivetrain torsion angle, θ , which mostly occurs in
he half-shafts ( Pettersson & Nielsen, 2003 ), is proportional to the
alf-shaft torque, T hs ( Angeringer et al., 2012 ), see also Section 2 .
he methods to extract the vibrating components, θv ib and T hs, v ib ,
f these variables are similar to those reviewed in Section 5 , i.e.,
hey are based on: i) subtracting the measured/estimated value
rom a reference one; and ii) manipulating the measured/estimated
alues with filter functions. 
Angeringer et al. (2012) and Lv, Zhang, Nuzzo et al., 2015 use
ethod i). The first study adopts θv ib as the error variable for
 second order sliding mode controller. θv ib is calculated as
he difference between the actual drivetrain torsion angle, and
 reference torsion angle, equal to the driver torque request di-
ided by the drivetrain torsion stiffness. Lv, Zhang, Nuzzo et al.,
015 study a fully electric vehicle with an EM coupled with a
ingle-speed transmission. The controller is a proportional integral
erivative (PID) formulation, based on the difference between the
stimated half-shaft torque and a reference torque, equal to the
orque request. In order to find a good compromise between pas-
engers’ comfort and vehicle acceleration, Lv, Zhang, Nuzzo et al.,
015 carry out an off-line optimization not only of the controller
ains, but also of the transmission gear ratio, to minimize a cost
unction including the 0–50 km/h acceleration time, and the aver-
ge value of T hs, v ib during a tip-in test. 
Berriri et al. (2008) , in collaboration with PSA, calculate T hs, v ib 
ith method ii). T hs is estimated through a linear model, fed with
he measured engine speed, and then it is band-pass filtered to
btain T hs, v ib . The high frequencies are removed to increase system
obustness against model mismatches. Also, a Smith predictor in-
reases stability with respect to the time-varying delay imposed
y the ICE. The controller is gain-scheduled with respect to the se-
ected gear and the ECU sampling time, which depends on the ICE
peed. 
As discussed in Section 5.2 , a high order linear controller can
e considered as a filter and a compensator in series. This is the
ase of Böcker et al. (2004) and Amann et al. (2004) , with the
nvolvement of ZF, where pole placement controllers are directly
ed with the half-shaft torque estimated by a Kalman filter using
M torque, EM speed and wheel speed. Fig. 15 reports an example
f experimental results, in terms of Fourier analysis of the mea-
ured wheel torque signal with the deactivated and activated anti-
erk controller. In the first case, a resonance peak is clearly visible
round 5–7 Hz, which is absent in the second plot. The advantages
f estimating T hs with a Kalman filter and controlling such variable
re highlighted in Zhao et al. (2014) , which compares the control
tructure in Amann et al. (2004) with a tachometric controller, and
hows that the latter is less robust with respect to the wheel speed
ignal delays caused by the CAN bus (see Section 6.2 ). 
Fredriksson et al. (2002) , in collaboration with Volvo, propose
 controller based on a linear quadratic Gaussian loop transfer re-
overy (LQG/LTR) approach ( Maciejowski, 1989 ), which minimizes
he cost function: 
 = 
∫ ∞ [
e θ2 + ˙ θ2 w + f u 2 
]
dt (9) 0 
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Fig. 15. Fourier analysis of the measured wheel torque, without (upper plot) 
and with (lower plot) anti-jerk controller. Reproduced with permission from 
Böcker et al. (2004) . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 16. Reference and actual torque profiles during a tip-in maneuver with back- 
lash traversing. Adapted from Templin & Egardt (2009b) . 
Fig. 17. Prediction model layouts compared in Scamarcio et al. (2019) . 
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ratio is the fifth state. where u is the control effort, i.e., the anti-jerk torque correction
T F B 
re f 
, and e and f are weighting factors. The inputs signals are
θ and ˙ θw , which are both estimated from the EM speed and
torque demand via a Kalman filter. The controller was experimen-
tally tested on a Volvo FH-12 truck, showing some issues that need
further investigations, e.g., poor torque demand tracking. Moreover,
the authors point out that, on a heavy-duty truck, the cabin is not
rigidly fixed to the chassis, and part of the fore-and-aft oscillations
transmitted to the driver are caused by the cabin displacement
with respect to the vehicle chassis. These oscillations are not de-
tected, and therefore attenuated, by the proposed drivetrain based
anti-jerk controller. The issue is still unsolved in the literature, and
could be tackled by future research, especially through acceleration
based controllers, discussed in the following Section 8. 
Templin & Egardt (20 09a), (20 09b) tested on a Volvo FH16
heavy duty truck a controller based on the estimate of T hs and θ ,
obtained from the driver torque request as well as the measured
motor and wheel speeds. The authors claim that the system could
work also without the wheel speed input. A linear quadratic reg-
ulator (LQR) provides a corrective anti-jerk torque to drive ˙ T hs to
zero, through a state feedback control action based on the driv-
etrain torsion angle, engine speed, and wheel speed. The control
action also includes an integral term on the corrective torque, to
track the driver torque demand. Templin & Egardt (2009b) extend
the control system presented in Templin & Egardt (2009a) , to take
care of the backlash traversing. During traversing, the controller
maintains T plant at its last value calculated before the beginning of
the traversing phase (see the “hold time” in Fig. 16 ), which is sat-
urated to an off-line optimized fixed upper torque limit, i.e., the
“hold level” in Fig. 16 . The LQR formulation minimizes the cost
function: 
J = 
∫ t f 
0 
{
0 . 5 y T Qy + 0 . 5 [ u − u r ] 2 
}
dt + q b ˙ ϑ 2 b ( t + ) (10)
where y is the output vector of the internal model, consisting of
the driveshaft torque rate and the integral of the control effort, u
is the controller output torque, u r is the reference torque, ˙ ϑ b is the
angular backlash speed, t + is the time when the opposing side of
the backlash is reached, t f is the final time of the LQ cost function
window, and Q and q b are weights. 
Bruce et al. (2005) propose an LQ controller that cooperates
with the feedforward controller already discussed in Section 4 . ThePlease cite this article as: A. Scamarcio, P. Gruber and S. De Pinto et
Annual Reviews in Control, https://doi.org/10.1016/j.arcontrol.2020.04.0cheme of the feedback action resembles a disturbance observer
 Sariyildiz & Ohnishi, 2013 ). ˙ θm and ˙ θw are measured, while θ
s estimated. These three signals are compared with the respec-
ive references, calculated from the motor torque requested by the
eedforward controller. The resulting errors are fed to the LQ con-
roller, which generates the feedback anti-jerk control contribution.
Recent studies relevant to this anti-jerk control category are
ased on MPC technology. For example, Batra, McPhee, et al.
2019) and Batra, Maitland, et al. (2018) propose a cruise controller
nd a traction controller, both of them with anti-jerk capabilities,
nd adopting a relaxation length formulation in their prediction
odels. 
Scamarcio et al. (2019) deal with the influence of the prediction
odel complexity on the MPC based anti-jerk control performance.
he study proposes six nonlinear MPC formulations that are based
n different prediction models, and are fine-tuned through a uni-
ed optimization routine. Fig. 17 describes the prediction models,
here K d and C d are the equivalent drivetrain torsional stiffness
nd damping coefficient. In particular: 
• M 3 is a three-state model ( ˙ θm , ˙ θw and θ ) with two inertias,
corresponding to the motor, J m , and the wheel and vehicle, J w, v .
• M 4 includes a linear tire model without relaxation. The model
has four states, i.e., the same states as M 3 , and a fourth ad-
ditional state represented by the linear vehicle speed, as the
wheel and vehicle inertias ( J w and M v ) are considered sepa-
rately through tire slip. 
• M 5 includes tire relaxation, and therefore the relaxed tire slip al., Anti-jerk controllers for automotive applications: A review, 
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gThe three models indicated by the superscript BL, i.e., M 3 
BL ,
 4 
BL and M 5 
BL , are derived from M 3 , M 4 and M 5 , respectively,
o which drivetrain backlash (the dashed BL blocks in Fig. 17 ) is
dded to the formulation. The performance of the controllers is as-
essed over multiple tip-in and tip-out maneuvers by means of a
ost function combining several objective performance indicators.
he results show that: i) the consideration of drivetrain backlash
n the prediction model is beneficial in all test cases; ii) the tire
lip formulations make the system more robust with respect to ve-
icle speed variations and enhance the vehicle behavior in tip-out
ests, however they deteriorate performance in the other consid-
red scenarios; and iii) the inclusion of a simplified tire relaxation
ormulation does not bring any particular benefit in the specific
ase study vehicle. 
. Feedback controllers based on the longitudinal vehicle 
cceleration 
This section deals with the control systems based on the lon-
itudinal vehicle acceleration, x¨ v . Only a few authors choose x¨ v to
enerate the error variable, mainly because x¨ v is usually provided
y the inertial measurement unit (IMU), which also measures the
isleading contribution of the low frequency resonance of the ve-
icle sprung mass, and is affected by signal noise ( Murray, 2007 ). 
The only publications of this category that include experimen-
al validations are Yamazaki & Kamata (1997) and Stewart et al.
2005) . Yamazaki & Kamata (1997) test on an ICE-driven vehicle
n anti-jerk system based on two controllers: i) an H ∞ tachome-
ric controller, acting on the ICE ignition timing (see Section 6 );
nd ii) a linear controller based on x¨ v , which modifies the acceler-
tor pedal input. Zavala et al. (2002) and Stewart et al. (2005) de-
ign a pole placement controller, based on x¨ v and tuned with a
ulti-objective genetic algorithm (MOGA). The system was exper-
mentally tested on a V6-engine saloon car. An accelerometer was
tted on the vehicle only for verification purposes, whilst x¨ v was
etrieved from the vehicle speed signal, “which was readily avail-
ble”. 
Jiang et al. (2016) compare a linear controller, which adopts the
ime derivative of x¨ v as error variable, with two more conventional
ystems, i.e., a tachometric controller and a controller based on the
ibrating component of the motor speed. The results show that the
rst controller behaves better than the traditional ones; nonethe-
ess, these conclusions should be considered with due caution, as
he simulation results do not include the effect of measurement
oises. 
Mattsson et al. (2016) and Nandi et al. (2015) use the optimal
ontrol theory to find a compromise between driving comfort and
nergy consumption. The first study assumes that a target accel-
ration is provided by an adaptive cruise controller, and that both
he friction brakes and the ICE can be used as actuators. An MPC
rovides the tractive or braking force that minimizes a cost func-
ion over a finite time horizon. The cost function includes multi-
le terms, e.g., related to the reference vehicle acceleration, energy
onsumption reduction, and comfort. Driving comfort is taken into
ccount by imposing a soft constraint on the maximum longitudi-
al jerk. Nandi et al. (2015) propose two approaches to an on-line
ulti-objective optimization problem solved through a genetic al-
orithm. The assumption is that an adaptive cruise controller or
n autonomous driving module provides a target vehicle speed,
nd sets six acceleration steps to take the vehicle from its actual
peed to the reference one. The first approach targets the reduc-
ion of the time needed to reach the reference speed, and the en-
rgy consumption, whilst the longitudinal jerk is constrained to a
aximum value of 18 m/s 3 . The second approach considers vehicle
erk as a further minimization objective, instead of a constraint.Please cite this article as: A. Scamarcio, P. Gruber and S. De Pinto et
Annual Reviews in Control, https://doi.org/10.1016/j.arcontrol.2020.04.0he discussion of the results claims that the latter method deliv-
red “better optimal solutions” than the first one. 
Lagerberg & Egardt (2005) convert the driver request into a
esired longitudinal acceleration, and propose a switching logic
o deal with backlash. During contact mode, an LQR controller
s adopted, which is described as an “acceleration controller […]
oughly tuned to reduce the oscillations when the system is in
ontact mode,” without providing further details. When the gear
lay is not filled, an MPC implementation keeps both the drivetrain
orsion rate and the motor torque close to zero. Just before the en-
agement between the gears, another MPC structure regulates the
ehicle acceleration to the reference value set by the driver. 
. Feedback controllers not included in the previous categories 
This section presents anti-jerk controllers that cannot be in-
luded in any of the previous categories. The ICE vehicle imple-
entations are presented first, followed by the examples related
o hybrid electric and fully electric vehicles. Finally, the section
eals with studies presenting specific algorithms for anti-jerk dur-
ng launch and backlash traversing. 
With respect to the ICE anti-jerk implementations, Walter et al.
2008) use a Riccati regulator to deal with a drivetrain with a dual-
ass flywheel. An observer estimates the angular speeds of the fly-
heel input shaft, its inner flange and output shaft, together with
heir relative angular positions. The state vector, x S , consists of the
stimated variables. The regulator minimizes a typical quadratic
ost function, with terms related to the states and torque correc-
ion effort. 
The study by Pettersson & Nielsen (2003) , in collaboration with
cania, proposes a cruise controller for heavy-duty trucks, which
akes into account the drivetrain oscillations. These are detected
rom the vibrating component of the wheel speed, calculated as
he difference between the actual wheel speed, ˙ θw , and a reference
ne, ˙ θw,re f , imposed by a higher-level logic. The control action is
erived through an LQG controller ( Maciejowski, 1989 ) minimizing
he following cost function: 
 = 
∫ ∞ 
0 
{ [
˙ θw − ˙ θw,re f 
]2 + W [ u − u 0 ] 2 
} 
dt (11) 
here u is the control action, i.e., the ICE torque demand, u 0 is
he expected steady-state control action, obtained from the solu-
ion of the powertrain moment balance equations for steady-state
onditions, and W is a tuning weight, which leads to the desired
ompromise between oscillation reduction and acceleration perfor-
ance. 
With respect to HEVs, Pisu et al. (2005) provide comprehen-
ive formulations of the energy management and drivability con-
rol problems. Barbarisi et al. (2012) implement the formulations in
isu et al. (2005) , including an algorithm to minimize the gearshift
nduced oscillations, on a case study HEV with an ICE and an inte-
rated starter alternator (ISA) mounted directly on the crankshaft.
he ICE/ISA unit is connected to the rear wheels, whilst the front
heels are driven by an EM. The torque demand for each of the
hree power sources is firstly calculated to meet the driver request
nd minimize energy consumption; then it is modified by an anti-
erk linear quadratic controller, according to the following formu-
ation: 
¯
 = u¯ 1 + K¯ · g 
¯
 = 
[
T ICE T ISA T EM 
]
;
¯
 1 = 
[
T ICE, 1 T ISA, 1 T EM, 1 
]
; K¯ = 
[
0 1 −1 
]
; g  R 
(12) 
here u¯ is the torque split vector after the anti-jerk intervention;
¯ 1 is the uncorrected torque split vector, i.e., calculated to meet the
river torque demand while minimizing the energy consumption;
is the anti-jerk variable; and T is the torque delivered by the  al., Anti-jerk controllers for automotive applications: A review, 
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Fig. 18. Schematic representation of the anti-jerk controller in 
Rodriguez et al. (2013) . 
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a  different units, which are indicated by the subscripts I CE, I SA , and
EM. If g is positive, a positive torque equal to g is requested to the
ISA to reduce the rear axle oscillations, whilst an opposite torque
is demanded from the front EM. In this way, the overall wheel
torque delivery does not change, and the battery state of charge
is substantially unaffected, under the assumption of negligible EM
conversion losses. According to Pisu et al. (2005) , g can be calcu-
lated to minimize a cost function that represents a relevant driv-
ability metric, e.g., through an infinite horizon LQR. The adopted
cost function is the difference between the ICE and transmission
speeds, with the aim of minimizing the ICE drivetrain oscillations.
Nevertheless, other cost functions could be adopted to reduce the
vehicle shuffles in other scenarios, e.g., during tip-in and tip-out
maneuvers. Barbarisi et al. (2012) implemented the proposed al-
gorithm with good results; however, the specific method does not
address the resonance of the electrical drivetrain. 
In a parallel-through-the-road HEV with a front ICE powertrain
and two rear on-board EMs, Asano & Iwama (1992) compensate
the vibrations of the rear electric powertrains through an EM cor-
rective torque calculated as the sum of four contributions, three of
them proportional to the estimated vehicle speed, measured mo-
tor speed and estimated wheel torque, whilst the fourth one is an
integral contribution to track the wheel torque demand. 
The anti-jerk control system for electric powertrains in
Rodriguez et al. (2013) , see Fig. 18 , consists of two feedback loops.
The inner loop reduces the drivetrain resonance oscillations, start-
ing from ˙ θm , ˙ θw , θm , θw and the EM torque T EM . The first two sig-
nals are measured, whilst the others are obtained through a linear
estimator. These variables feed a linear controller, tuned with the
pole placement method. The outer loop tracks the reference torque
demanded by the driver through a PD controller based on the dif-
ference between the demanded torque, T re f , and estimated wheel
torque, T w . This system is compared with a tachometric controller
through simulations, and shows similar results in terms of drive-
train damping, with a better tracking of the driver torque demand.
Killian et al. (2016) , in collaboration with Audi, propose a feed-
forward controller of the ICE torque demand for launch maneu-
vers. The aim is to prevent the so-called power-hop, i.e., the com-
bination of torsional drivetrain oscillations and suspension oscilla-
tions when the clutch is quickly released during acceleration ma-
neuvers in cars with manual transmissions. The equations of a ve-
hicle model are integrated on-line using only the accelerator and
clutch pedal positions as inputs, according to a model prediction
approach. The model outputs are used to monitor the two con-
ditions for an impending power-hop: i) the clutch is in a sliding
state; and ii) the estimated clutch torque at the wheel is higher
than the actual transferable wheel torque. If i) and ii) are true, the
ICE torque is firstly suppressed, and then limited to a value com-
patible with the estimated tire-road friction coefficient, to comple-
ment the action of the traction control system. 
Lagerberg & Egardt (2002) review studies mainly developed to
reduce torsional oscillations in production plants, and apply theirPlease cite this article as: A. Scamarcio, P. Gruber and S. De Pinto et
Annual Reviews in Control, https://doi.org/10.1016/j.arcontrol.2020.04.0oncepts to automotive powertrains with backlash. In particular,
he paper distinguishes three categories of anti-jerk controllers,
ith respect to backlash handling: i) linear controllers, i.e., with a
ingle control rule. These need to be robust with respect to the dis-
urbance related to backlash traversing; ii) passive nonlinear con-
rollers, which ‘become more careful when the backlash gap is
pen.’ These implementations can be based on two control rules,
ne used when the gears are in contact, and a second one, typically
etuned, for smooth backlash traversing; and iii) active nonlinear
ontrollers, targeting swift backlash traversing with soft landing,
ypically achieved with switching algorithms. 
0. Auxiliary anti-jerk control features 
A number of auxiliary features, aimed at enhancing the anti-
erk control performance, are adopted in many of the publications
overed by this survey, regardless of their categorization. 
0.1. Activation logics 
The corrective anti-jerk torque is required in a limited range of
cenarios. Therefore, a supervisory logic should be implemented to
witch on and off the controller. Examples of activation strategies
re described in Bang (2014) , Syed et al. (2009) , and C. Kim (2014) .
n Syed et al. (2009) , the torque correction is multiplied by a log-
cal gain, according to the accelerator pedal position, motor speed
nd torque request. Bang (2014) adopts a dead band on the cor-
ective torque, i.e., the corrective torque is not applied to the plant
f it is below a threshold. In C. Kim (2014) , the activation logic is
ased on the measured longitudinal vehicle acceleration. 
According to the experience of the authors of this survey on
nti-jerk controllers of production cars, in real-world implementa-
ions the activation and deactivation conditions can be rather com-
lex; for example: 
• The controller is activated when the corrective torque exceeds
a threshold, which can depend on the selected gear and the es-
timated clutch torque, i.e., the higher is the clutch torque, the
higher are the activation and deactivation thresholds. This al-
lows more jerk at higher torque demands, which is normally
appreciated by human drivers during performance-oriented ve-
hicle maneuvering. 
• Once the controller is active, if the corrective torque falls below
the deactivation threshold, which can be the same as the acti-
vation threshold, the anti-jerk control action is kept active for
a certain amount of time, defined by a hold-on delay parame-
ter, which is a function of the selected gear, and is normally of
duration similar to an entire oscillation period of the drivetrain.
• Once the hold-on delay time has been passed with the correc-
tive torque consistently below the deactivation threshold, the
anti-jerk controller is switched off gradually to prevent oscilla-
tions, through a ramp-off rate that can depend on the selected
gear or other operating conditions. 
• Typically, the anti-jerk controller is not activated if the stability
controller, traction controller or cruise controller are active, or
if the ICE speed is outside its typical range. Also the occurrence
of a gearshift disables the anti-jerk controller. 
0.2. Gain scheduling 
Gain scheduling is a well-known technique in control practice,
dopted to modify a controller or observer gains with respect to
ne or more system parameters, which typically should be slowly
arying not to provoke stability issues. Usually, anti-jerk controllers
re scheduled with the selected gear ratio, motor speed or vehicle al., Anti-jerk controllers for automotive applications: A review, 
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m  peed, to deal with the complexity and non-linearities of real auto-
otive powertrains, e.g., see Schöggl et al. (2002) and Balfour et al.
20 0 0) . 
0.3. Bias correction 
If the torque demand is equal to its maximum value, it is
ot possible to apply positive anti-jerk torque corrections to re-
uce the drivetrain oscillations. Therefore, to benefit from the anti-
erk control function in these situations, a bias correction can be
mplemented, which reduces the pre-anti-jerk torque demand if
he anti-jerk controller is activated when the driver, or a higher
evel controller, is requesting a torque close to the powertrain
imit. Once the anti-jerk torque correction is not required anymore,
he bias is removed smoothly. The patents in De La Salle et al.
2004) and Morris (1997) provide detailed descriptions of bias cor-
ection algorithms. 
1. Recent trends and future scenarios 
Three recent trends in the automotive industry may have an
nfluence on the development of next generation anti-jerk con-
rollers: i) powertrain electrification; ii) automated driving; and iii)
odel predictive control. 
1.1. Powertrain electrification 
The recent powertrain electrification trend has renewed the at-
ention of the academia and industry towards anti-jerk control, be-
ause of the distinctive features of the novel powertrain architec-
ures. In general, EMs are easier to control than ICEs, and their
igher torque generation bandwidth facilitates the application of
he anti-jerk torque correction. However, in fully electric power-
rains with on-board motors, the faster actuation dynamics of the
Ms, together with the absence of the clutch damper, tend to fa-
ilitate the torsional drivetrain oscillations. These peculiarities give
cope to the reconsideration of the conventional anti-jerk control
tructures. 
With respect to HEVs, which are usually characterized by signif-
cant powertrain complexity in comparison with fully electric vehi-
les, the analysis of the available literature highlights the following
spects: 
• In parallel HEVs, where both the ICE and EM/s can transmit
torque to the wheels, the anti-jerk torque correction is often
implemented through the EM, to exploit its higher bandwidth
(see Cauet et al., 2013 ; Y. S. Kim et al., 2011 ; Morris, 2012 ; Park
et al., 2011 ; Syed et al., 2009 ; Vadamalu & Beidl, 2016 ). Nev-
ertheless, the usually complex on-board communication sys-
tem of an HEV can cause non-negligible actuation delays, which
should be appropriately considered during the anti-jerk control
design phase ( Pham et al., 2017 ). 
• Some of the proposed HEV controllers combine energy man-
agement and anti-jerk control, e.g., they have formulations de-
termining the power split between ICE and EM/s to efficiently
control the system, while keeping the state of charge of the bat-
tery within desirable range and preventing torsional drivetrain
oscillations (see Barbarisi et al., 2012 ; Pisu et al., 2005 ; Syed
et al., 2009 ). 
• Many studies from the recent literature deal with the control
of the mode transitions and gearshifts in HEVs, for example
from/to purely electric mode to/from hybrid mode, which can
lead to longitudinal vehicle jerks ( Zeng et al., 2018 ). These sce-
narios, covered through various control approaches to suppress
drivetrain oscillations, e.g., in Wang et al. (2017) and Z. Zhao
et al. (2019) , were not analyzed in this review (see its scopePlease cite this article as: A. Scamarcio, P. Gruber and S. De Pinto et
Annual Reviews in Control, https://doi.org/10.1016/j.arcontrol.2020.04.0in Section 1 ), but could contribute to novel anti-jerk control
paradigms in future. 
1.2. Automated driving 
The driving automation functions involving forms of wheel
orque control, ranging from a level 1 adaptive cruise controller
o a level 5 fully automated vehicle (see the SAE standard
3016_201806), generate a reference vehicle speed, ˙ xv ,re f . This is
sed to calculate a reference powertrain torque, which is pro-
ided to the powertrain control unit actuating the ICE and/or EM.
he anti-jerk control function can be either included as a sepa-
ate function in the powertrain control unit, which is the standard
mplementation in conventional human-driven vehicles, or, alter-
atively, it can be part of the controller generating the reference
orque to track ˙ xv ,re f . A few published studies explore this second
ethod, and present controllers that calculate the EM/ICE torque
o reach or track a reference speed, while taking care of multiple
bjectives, such as acceleration time, energy efficiency and driv-
bility. A variety of control structures, including genetic algorithm
ased controllers ( Nandi et al., 2015 ), LQG ( Pettersson & Nielsen,
003 ), and MPC ( Batra et al., 2018 ; Batra, Maitland et al. 2018 ;
aruntu, 2015 ; Caruntu et al., 2016 ), have been proposed in this
ontext. 
1.3. Model predictive control 
Many automotive companies, including Ford, BMW, Honda,
oneywell, PSA and Toyota ( Hrovat et al. 2012 ), show increasing
nterest towards model predictive control. For a long time, the
omputational resources required by MPC have been prohibitive
or typical automotive microcontrollers. However, the recent per-
ormance improvement of the automotive control hardware, to-
ether with the use of multiparametric programming and appro-
riate designs ( Hrovat et al., 2012 ), are facilitating the industrial
mplementation of MPC algorithms. 
The main benefit of MPC is its capability to formally han-
le multiple control objectives and constraints. Each objective is
athematically expressed through specific terms of a cost func-
ion, which is then minimized by the control action over a finite
orizon. In MPC based anti-jerk control, at least one term of the
ost function is dedicated to the reduction of the drivetrain tor-
ional oscillations. The other terms can: i) maximize energy ef-
ciency ( Mattsson et al., 2016 ); ii) prevent excessive wheel slip
 Batra, McPhee et al., 2019 ); and iii) induce the tracking of a refer-
nce vehicle speed ( Batra et al., 2017 ; Batra, McPhee, et al., 2019 ;
aruntu, 2015 ; Caruntu et al., 2016 ). i)-iii) highlight the MPC ca-
ability to carry out multiple tasks (e.g., anti-jerk control, traction
ontrol, adaptive cruise control), usually part of different vehicle
ontrol domains. 
2. Conclusions 
This paper reviewed the academic and industrial literature on
nti-jerk controllers for automotive applications, including imple-
entations for internal-combustion-engine-driven as well as elec-
ric and hybrid electric powertrains. Anti-jerk controllers modify
he traction torque request to reduce the longitudinal vehicle ac-
eleration oscillations, i.e., the so-called shuffles, which are caused
y the torsional drivetrain dynamics. If not compensated, these vi-
rations would compromise vehicle comfort and drivability, and
ould affect drivetrain component durability. 
The first part of the survey presented the fundamentals of driv-
train dynamics, through the identification of the powertrain com-
onents providing the main contributions in terms of mass mo-
ent of inertia, torsion stiffness and damping for different system al., Anti-jerk controllers for automotive applications: A review, 
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F  layouts, and the dependency of these characteristics on the trans-
mission gear ratio and vehicle speed. This was followed by a dis-
cussion of the anti-jerk control specifications, in terms of desired
vehicle response during tip-in and tip-out maneuvers, as well as
the required trade-offs between oscillation suppression, powertrain
responsiveness, and robust performance. 
After an analysis of feedforward anti-jerk control structures, the
review provided a novel systematic categorization of feedback anti-
jerk control formulations, based on the adopted error variable. In
particular, the following control typologies were discussed: 
• Controllers based on the vibrating component of the motor
speed. These controllers are the most widely adopted on pro-
duction vehicle, as i) they provide good performance with sim-
ple formulations; and ii) they only need the motor speed as
main input signal, which is already available with high reso-
lution and negligible delays to the powertrain control units of
production vehicles. 
• Controllers based on the drivetrain torsion rate, i.e., the so-
called tachometric controllers, which provide very good perfor-
mance, even with simple proportional formulations. However,
they usually require the wheel speed measurement, which,
on production vehicles, is normally subject to non-negligible
time-varying delays, and is unavailable at vehicle launch from
rest. To overcome this practical issue, some production-oriented
tachometric controller implementations estimate the drivetrain
torsion rate without using wheel speed. 
• Controllers based on the vibrating component of the drivetrain
torsion angle or drivetrain torque. These variables provide di-
rect information on the drivetrain torsional dynamics; however,
as they cannot be measured, they need to be estimated. This
adds complexity and can cause robustness issues with respect
to model mismatches. 
• Controllers based on the longitudinal vehicle acceleration,
which is the variable directly related to the shuffles, i.e., the
cause of discomfort. This category of controllers is not fre-
quently adopted in the literature, manly due to the difficulties
in reliably measuring longitudinal acceleration on production
vehicles. 
The survey also reviewed different methods to reduce the effect
of backlash on drivetrain oscillations, as well as additional features,
such as activation and deactivation conditions, gain scheduling, and
practical issues related to powertrain torque saturation. 
The most recent literature shows a trend towards model based
optimal control approaches, capable of simultaneously handling
multiple control objectives and constraints, traditionally part of
different vehicle control domains, in the context of electrified pow-
ertrains and driving automation. For example, some of the most
recent papers integrate the anti-jerk control functionality with the
energy management and state transition controllers of next gen-
eration hybrid electric vehicles, or with the adapative driver assis-
tance systems of semi-automated vehicles. In any case, the prob-
lem of damping the drivetrain oscillations will remain a relevant
topic of automotive powertrain research in the foreseeable future. 
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